An understanding of the mechanism underlying fruit ripening is critical for fruit quality improvement. 17
Introduction 1
Fruit ripening is an extremely complex process during which a large number of biochemical modifications 2 occur. These biochemical changes, including cell wall softening, conversion of starch to sugar, and 3 accumulation of aromatic and volatile compounds [1] contribute to make fruits attractive, consumable, and 4 also determine their nutritional values such as fiber and vitamin contents and antioxidative properties [2] . 5
Other major changes that occurs during fruit ripening involve the regulation of genes and proteins or their 6 interaction in order to create the physiological conditions that allow fruit to accomplish its final objective 7 [3] [4] [5] [6] . During the last 25-30 years, the methods that divide fleshy fruit into climacteric or non-climacteric 8 have depended on the peak of respiration rate and ethylene production [3] . In climacteric fruit, increased 9 respiration rate and ethylene biosynthesis were believed to be characteristic of the ripening process; 10 however, recent studies have commonly discussed the onset of ethylene production for the ripening process 11 [7] [8] [9] [10] . 12
Ethylene is a small hydrocarbon gas and is synthesized in almost all fruits to promote the ripening 13 process [11] . The biosynthesis of ethylene is known to involve two key biosynthetic enzymes, namely ACC 14 synthase (ACS), which converts SAM (S-adenosyl-L-methionine) to 1-aminocyclopropane-1-carboxylic 15 acid (ACC) and ACC oxidase (ACO), which further converts ACC to ethylene (11] . Ethylene is the most 16 commonly commercially produced compound in the world and is used in many pomology industries for 17 fruit ripening. Ethylene has long been used for its properties in fruit ripening, being used in ancient Egyptian 18
and Chinese practices to promote ripening of gashing figs and pears, respectively. A significant amount of 19 research has been conducted on the effects of ethylene on fruit ripening; moreover, fruit ripening ethylene 20 is also reported to play a vital role in ameliorating certain biotic and abiotic stresses [12] [13] [14] [15] [16] . The strategies 21 used to manage the external or internal sources of ethylene are key practices in commercial optimization of 22 the storage life and eating quality of many fruits. Understanding the fundamental mechanisms underlying 23 ethylene-induced fruit ripening is thus important for managing harvesting, storage, and distribution 24 processes. Although several recent studies have reported on the biochemical pathways of ethylene and the 25 fruit ripening process [8] [9] [10] 17 ], the precise underlying mechanisms remain unclear. 26
Proteomic approaches are increasing being adopted to investigate and establish complex pathways, 27 including fruit ripening. Indeed, there have been a number of large-scale proteomic investigations on the 28 ripening of several fruits, including grapes [18] [19] [20] , tomato [21] [22] [23] [24] , citrus [25] , banana [7, 26] , apricot [17] , 29 muskmelon [8] , strawberry [27] , mango [28] , papaya [29] [30] , apple [31] [32] , and kiwifruit [10] . 30 Nevertheless, despite all these studies, there is still a lack of information on the mechanisms by which 31 ethylene induces fruit ripening. 32
Kiwifruit is an economically important fruit and is widely consumed for its beneficial 33 nutritional properties, including antioxidative properties, fiber, and taste. The ripening behavior of kiwifruit 34 3 of 32 is depended on the biosynthesis of ethylene and respiration rate [33] [34] [35] . Moreover, kiwifruit is a warm-1 temperate fruit and often suffers freezing damage during winter, when the temperature drops below -12C. 2
In Korea, kiwifruit farms are located in southern coastal regions to prevent freezing injury. Among the 3 kiwifruit cultivars, 'Hayward' is the cultivar predominantly grown throughout the world. This cultivar, was 4 released in the late 1920s in New Zealand, similar to the 'Fuji' apple, but is not appropriate for cultivation 5 in Korea due to chilling injury. To resolve the chilling injury problem, the cultivar 'Gamrok' was bred in 6
Korea in the mid-1980s. 'Gamrok' is harvested in late October and does not suffer frost damage. Previous 7 proteomic studies on kiwifruit have either provided data only for the 'Hayward' cultivar or only 8 quantitatively analyzed the proteins related to sugar content, metabolism, and plant defense, whereas no 9 data related to fruit ripening has been presented [10, 36] , nor on less cultivated kiwifruit cultivars. Proteins 10 specifically related to fruit ripening undergo various post-translational modifications during the 11 biosynthesis of ethylene, which are related to the subsequent development of fruit nutritional characteristics. 12
Given these current gaps in our knowledge, the present study was undertaken to examine the mechanisms 13 underlying ethylene-induced ripening in two kiwifruit cultivars, 'Hayward' and 'Gamrok', using gel-based 14 proteomic analysis followed by matrix-assisted laser desorption/ionization tandem time-of-flight mass 15 spectrometry (MALDI-TOF TOF MS) and bioinformatic analysis. Besides, physiological analysis was 16 analyzed to support and select optimal time point for proteomic analysis. 17
Material and Methods 18

Fruit Material and Experimental Design 19
Kiwifruit (Actinidia deliciosa) cultivars 'Hayward' and 'Gamrok' were harvested from the National 20
Horticultural Research Institute, Republic of Korea. Trees were maintained using a T-bar system and 21 managed using general cultivation practices. The fruits from both cultivars were harvested physiologically 22 at mature stage with stable flesh/core firmness and were packaged in low-vent plastic clamshell container 23 (HPL826M, LocknLock, China), 20 fruit each container and were immediately moved to the laboratory of 24 fruit science, Gyeongsang National University, Korea. After screening of fruits, only healthy fruits were 25 used for experimental analysis with ten biological replicates (n=10) for physiological analysis and three 26 biological (n=3) replicates for proteomic analysis. Primarily kiwifruits were exposed to 1000 ppm of 27 exogenous ethylene in an airtight plastic container containing a vent for air circulation, while CO 2 was 28 maintained with NaOH solution. The ethylene concentration selected for the present study was based on 29 our initial observations as 1000 ppm showed best ripening compared to lower concentrations in Actinidia 30 deliciosa. The ethylene treatment was given to kiwifruits for 0 (control, without treatment), 3, 6, and 9 days 31 at 20 o C. Thereafter, the fruits were analyzed for physiological measurements and based on those results 32 proteomic analysis was performed at two selected time points viz., 3 and 6 days. Because these two-time 33 points showed best edibility of kiwifruit (Figure 1) . For proteomic analysis the ethylene treated kiwifruits 1 were peeled off and separated into core and flesh, grinded in liquid nitrogen and immediately stored at -2
In recent years, major studies have been conducted on 'Hayward' while no such studies have been 4
reported on other cultivars such as 'Gamrok' which is widely used in Asian countries such as Korea. 5
Gamrok cultivar bred by Korean Rural Development Administration has a good taste and can be harvested 6 about 1 week earlier compared to 'Hayward' kiwifruit in Korea. Early maturation could be free of frost 7 injury in Korea and can produce a good quality fruit, Consequently, due to these reasons kiwifruit cultivars 8 viz., 'Hayward' and 'Gamrok' were used for the present study. 9
Physiological Measurements 10
The soluble sugar content (SSC) was observed in a fruit juice. The fruit was wrapped in a four-11 layer cheese cloth, and absorbance was read using portable refractometer (Pocket Refractometer, PAL-1, 12
Atago, Japan). 13
The titratable acidity (TA) of fruit juice was assayed by titration with 0.05 mol•L -1 NaOH. The 14 TA content was expressed as citric acid equilibrium. The fruit firmness was measured with a probe diameter 15 of 3mm at a horizontal axis using a rheometer (RHEO TEX SD-700, Sun Scientific Inc, Japan) (3mm 16 depth). 17
For measurement of respiration rate (CO2) and ethylene evolution (C2H4) the polypropylene 18 airtight container (HPL851-2.1L, Locknlock, China) containing kiwifruit were allowed to incubate for 4 19 hours at room temperature. After incubation 1 mL of gas from each container were then analyzed for CO 2 20 and C2H4 gas by injecting into (GC-FID and TCD) gas chromatograph with flame ionization detector (GC 21 6890, Agilent Technologies, USA). The setting of GC-FID & TCD was as follows: oven temperature 22 
Protein Extraction 25
Total proteins from kiwifruit flesh were extracted using a phenol-based method with minor 26 modifications [37] . In brief, the fruit material was ground to a fine powder in liquid nitrogen and transferred 27 to 50-mL falcon tubes. The powdered tissues were immediately suspended in protein extraction buffer, 28 containing 0.9 M sucrose, 0.1 M Tris-HCl, pH 8.8, 10 mM EDTA, and 0.4% (v/v) β-mercaptoethanol, and 29 incubated on ice for 10 min. Thereafter, an equal volume of Tris-buffered phenol, pH 8.8, was added and 30 the mixture was vigorously vortexed. To separate the insoluble material, for aqueous and organic phases, 31 the samples were centrifuged for 20 min at 3,500 rpm. The resulting upper phenolic phase was carefully 32 transferred to a new tube and then back extracted three to four times in extraction buffer. The resulting 33 supernatant was precipitated overnight at -20C in four volumes of precipitation solution containing 100 1 mM ammonium acetate prepared in methanol. The protein pellet collected was washed four to five times 2 in precipitation solution and cold acetone. The resulting protein pellet was dried and solubilized in lysis 3 buffer, containing 9 M urea, 2% CHAPS, 0.2% (w/v) Pharmalyte, pH 3-10, and 50 mM dithiothreitol 4 (DTT), prior to isoelectric focusing (IEF). The extracted proteins were quantified using the Bradford 5 method (Bradford, 1976) . 6
Isoelectric Focusing and Two-Dimensional Gel Electrophoresis 7
IEF and two-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 8 were performed, as described previously [38] . Four hundred micrograms of total protein extract were 9 rehydrated on Bio-Rad 17 cm immobilized pH gradient gel strips (pH 4-7). The IEF conditions were as 10 follows: 250 V for a conditioning step of 15 min, followed by a slow ramping step to 10,000 V for 3 h, and 11 finally 10,000 V for 9 h. After IEF, the IPG strips were equilibrated by incubating on a shaker in 2-3 mL 12 of freshly prepared equilibration buffer 1 [8 M urea, 2% SDS, 50 mM Tris-HCl (pH 8.8), 20% (v/v) 13 glycerol, and 1% DTT] for 15 min, followed by incubation in 2-3 mL of equilibration buffer 2 [the same 14 content as equilibration buffer 1 with the exception that DTT was replaced by 2.5% iodoacetamide] for 15 15 min. Separation in the second dimension was performed on 12.5% (w/v) SDS-polyacrylamide gels using a 16 PROTEAN II system (Bio-Rad, Hercules, CA, USA) using a gradient voltage of 70-120 V for 8-9 h. The 17 molecular weights of proteins were determined by running a commercial pre-stained molecular marker 18 (Intron Biotechnology, Seongnam City, South Korea) on one side of the SDS-PAGE gels. The two-19 dimensional electrophoresis (2-DE) gel was stained with colloidal Coomassie brilliant blue. For each 20 treatment three independent replicates were run simultaneously for further analysis. 21
Image and Data Analysis 22
For each treatment, three independent biological replicates were analyzed. Gels were imaged under 23 constant settings using a photo imager as described by [39] 
MALDI-TOF/TOF MS Identification of Protein Spots 25
Excised protein spots were subjected to in-gel digestion according to Kim et al. [40] Isolation of RNA from kiwifruit flesh was performed using an RNA isolation kit according to 4 the manufacturer's instructions (Intron Biotechnology, Seongnam-City, South Korea). The isolated RNA 5 was quantified by using Nano-drop spectrophotometer. One µg of DNAase-treated RNA was reverse 6 transcribed using a reverse transcriptase kit (Promega, Madison, WI, USA) to synthesize first-strand 7 cDNA. Quantitative Real-time PCR was performed with a Rotor-Gene Q 2plex HRM Platform (Rotor-8 Gene Q 2plex HRM Platform), using SYBR green as a reference dye provide by Qiagen qPCR kit 9 were though different at different time points of ethylene treatment and indicated that day 3 and 6 are best 25 time point for fruit ripening (ready to eat). The physiological results were concomitant to morphological 26 differences of kiwifruit exposed to ethylene (Figure 1) . Although not much difference was observed even 27 after 9 of ethylene treatment but overall the results indicated that after 3 and 6 day of ethylene treatment 28 'Hayward' cultivar was ready to eat. While, 'Gamrok' cultivar is known to mature early than 'Hayward' 29 and our physiological and morphological differences specified that 3 and 6 days ethylene treatment are 30 optimal for its ripening. Indeed after 9 days of ethylene treatment 'Gamrok' was observed to be over ripened 31 (Figures 1, 2) . 32 7 of 32
2-DE and Image Analysis of kiwifruits in Response to Exogenous Ethylene 1
Based on our physiological data 3 and 6-day time point was selected for proteomic analysis along 2 with 0 day (without ethylene treatment) as a main control. Kiwifruits exposed to exogenous ethylene 3 generally exhibited rapid softening compared to the control. To detect differentially expressed proteins in 4 kiwifruits treated with exogenous ethylene, a comparative 2-DE analysis was performed (Figure 3 , 5 Supplementary Figure 1) . The comparison of kiwifruit 2-DE maps between control and ethylene 6 treatments (3 and 6 day) was analyzed using Progenesis SameSpots TotalLab (Supplementary Tables 1 7 and 2). The comparative analysis showed that 600 and 700 protein spots were detected in the 2DE maps of 8 'Hayward' cultivar post ethylene treatment (3 and 6 days) ( Figure 6A ), whereas only 500 protein spots 9
were observed in the controls. Similarly, 700 protein spots were aggregated in the 2DE maps of 'Gamrok' 10 cultivar treated with exogenous ethylene (3 and 6 days), whereas 600 were observed in the control samples 11 These results indicated that most important protein changes occurred at 6 days after ethylene treatment. 18
Furthermore, a clear quantitative difference between each differentially expressed spot was observed 19 statistically using Progenesis (Supplementary Tables 1 and 2) . 20
We observed a considerable difference in the protein maps of kiwifruit subjected to exogenous 21 ethylene treatment. The characterization of protein maps during fruit ripening has been well documented in 22 many fleshy fruits such as apple, banana, apricot, muskmelon, papaya, mango, and citrus [7-8, 17, 25, 28, 23 29-31] ; however, studies on discrepancies between ethylene exposure and fruit ripening are still lacking. 24
There have, nevertheless, been a number of studies on the effects of ethylene exposure on fruit 25 characteristics, such as increases in taste, softening, and soluble sugars [42] [43] [44] [45] [46] . In the present study, the 26 2DE maps of kiwifruit cultivars ('Hayward' and 'Gamrok') represent a large-scale analysis of proteins and 27 indicate the possible interactions involved in ethylene-induced fruit ripening, which were subsequently 28 confirmed by protein identification. 29
Protein Identification and Functional Distribution 30
The identification of kiwifruit protein spots was challenging due to the lack of genome sequence 31 data. The proteins of interest (differentially expressed protein spots) in the protein maps of kiwifruit 32 cultivars were excised and analyzed by MALDI-TOF/TOF MS (Tables 1 and 2, supplementary Tables 3  33   and 4 ). For the kiwifruit cultivars 'Hayward' and 'Gamrok', 90 and 106 protein spots, respectively, wereanalyzed by MALDI TOF/TOF, 80 and 90 of which, respectively, were successfully identified. Most of the 1 proteins identified were successfully annotated in a universal protein database (Uniport/Swissport/NCBI). 2
It was interesting to observe that most of the protein spots identified from both kiwifruit cultivars 3 were two important proteins, kiwellin and actinidain, both of which are involved in the initiation of fruit 4 ripening. In 'Hayward', 50% of proteins were identified as kiwellin or actinidain (protein spot nos. 13, 24, 5 28, 52, 54, 56, 58, 59, 60, 61, 63, 64, 65, 66, 67, 68, 70, 73, 74, 75, 76, 82, 86, 89, and 90) Table 3 ), whereas in 'Gamrok', 60% of proteins were 7 similarly identified (protein spot nos. 5, 6, 9, 10, 11, 13, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 32, 33, 38, 8 41, 42, 43, 46, 50, 52, 53, 55, 56, 67, 68, 72, 74, 76, 77, 79, 80, 81, 82, 83, 84, 86, 88, 89 , and 92) ( Table  9 2 For peptide information please see supplementary Table 4 ). Thus, our proteomic analysis of the 10 response to exogenous ethylene gives a broad quantitative overview of the relationship between ethylene 11 and fruit ripening, indicating that ethylene is mostly responsible for the ripening of fruits rather than energy 12 and metabolism as described in previous proteomic analyses of kiwifruit [10, 35] and other fruits. 13
Furthermore, these identifications also provide a broad range of quantitative data regarding the possible 14 interaction between ethylene hormone and fruit ripening. Overall, we can predict that application of 15 ethylene can be beneficial for the promotion of ripening in fleshy fruits, particularly kiwifruit, for 16 commercial purposes. 17
In 'Hayward' kiwifruit, a further 10 major proteins related to defense response were identified as 18 chloroplast heat shock protein 70-20 (protein spot no. 4), heat shock protein 70 (no. 5), putative defensive-19 like protein (nos. 6, 84, and 85), protein-like kinase (no. 7), ATP synthase sub unit alpha (no. 15), NADP 20 quinone reductase (no. 16), actin (no. 50), and metallothionein-like protein type 3 (no. 87) ( Table 1) . 21
Similarly, in 'Gamrok', nine protein spots related to defense response were identified as heat shock protein 22 70 (nos. 8 and 12), GDP-L-galactose phosphorylase (nos. 40 and 54), calmodulin (no. 44), ACC oxidase 23 (no. 44), metallothionein-like protein type 3 (no. 57 and 99), and putative glycine-rich RNA binding protein 24 type 3 (spot no. 99) ( Table 2) . 25
Another six key proteins in 'Hayward' kiwifruit is related to protein biosynthesis/translation and 26 were identified as elongation factor elongation factor 2-like (no. 1), ribosomal protein S12 (no. 30), and 27 30S ribosomal protein S7 (nos. 33, 38, 57, and 72) . Similarly, 12 key proteins from 'Gamrok' are related 28 to protein/translation and were identified as elongation factor elongation factor 2-like (nos. 1 and 3), 30S 29 ribosomal protein S19, chloroplastic (nos. 48 and 61), and 50S ribosomal protein (nos. 70, 71, 73, 75, 78, 30 102, 103, and 105) . 31
In addition, four proteins from 'Hayward' and six proteins from 'Gamrok' are related to the Calvin 32 cycle/photosynthesis, which were identified as ribulose bisphosphate carboxylase (RuBisCO) large chain9 of 32 (nos. 18, 41, 42, 43, and 44 in Hayward and no. 7 and 17 in Gamrok) , and photosystem I (PSI), photosystem 1 II (PSII) (nos. 58, 59, and 62) and cytochrome (no. 66) in Gamrok. 2 The identified kiwifruit proteins were then classified into functional categories ( Figures 6C and  3   6D ), using panther gene analysis (http://pantherdb.org/). Identified kiwifruit proteins from 'Hayward' were 4 mainly classified into general categories of allergen/fruit ripening (50%), defense response (18%), protein 5 biosynthesis/translation (10%), signaling pathway (2%), metabolism/amino acid (5%), glycolysis (3%), 6 transcription (2%), ATP synthesis (1%), pectin/catabolic process (1%), Calvin cycle/photosynthesis (4%), 7
and secondary metabolism (4%) (Figure 6C) . Identified proteins from 'Gamrok' were classified into 8 following categories: allergen/fruit ripening (60%), defense response (10%), protein 9 biosynthesis/translation (13%), Calvin cycle/photosynthesis (6%), metabolism/amino acids (1%), actin 10 binding (2%), lipid transport (1%), metal binding (2%), glycoxylate bypass (1%), and uncharacterized 11 protein/unknown protein (4%) (Figure 6D) . 12
Previous proteomic data on the response of fruits to exogenous ethylene treatment have indicated 13 that most of the differentially expressed proteins were classified as being related to energy/metabolism and 14 defense response [7-8, 19-20, 25] . In addition to defense response, our proteome data also identified 15 differentially expressed proteins related to protein biosynthesis and the Calvin cycle/photosynthesis, 16 whereas the maximum number of proteins fall under category of allergen/fruit ripening, indicating that 17 ethylene is a key hormone for kiwifruit ripening. Thus, on the basis of these results, it is evident that 18 identified proteins of kiwifruit ('Hayward' and 'Gamrok') are mainly classified into three major categories: 19 allergen/fruit ripening, defense response, and protein biosynthesis. 20
Proteins Related to Allergen/Fruit Ripening 21
Several "omics" technologies, such as genomics, transcriptomics, proteomics, metabolomics, have 22 been used recently to obtain information on the global changes that occur during fruit maturation, ripening, 23 and senescence [22-23, 26, 47-51] . Allergen proteins, which are regulated by ethylene hormone, play an 24 important role in the ripening of fruits. Among allergen or fruit-ripening proteins, kiwellin and actinidin 25 are commonly present in large amounts in kiwifruits due to their stable and active characteristics [52] . 26
Actinidin has been extensively characterized in multiple forms [53] , and this has contributed to the breeding 27 of new kiwifruit cultivars with altered actinidin levels. In our studies, the two main identified allergen 28 proteins (kiwellin/actinidain) were significantly increased/aggregated in ethylene-treated kiwifruit cultivars 29 ('Hayward' and 'Gamrok') (Figures 3 and 4) compared to non-ethylene treated samples. Indeed, the 30 majority of the differentially expressed proteins were classified under the allergen/fruit ripening category, 31
indicating that ethylene plays a prominent role in fruit ripening, as has also been indicated by several 32 physiological analyses [45] [46] . It is also well known that ethylene plays a critical role in the ripening 33 process of climacteric fruits, whereas, an ethylene burst during fruit ripening is followed by a respiratorypeak [54] . Although a number of proteomic studies on fruit ripening have quantified the proteins related to 1 energy metabolism, the present study is the first to observe a maximum number proteins related fruit 2 ripening. 3
Proteins Related to Defense Response 4
It is well known that defense responsive proteins play a key role in mitigating several biotic and 5 abiotic stresses in fruits via the detoxification of reactive oxygen species (ROS) [25, 55] . Recently, it has 6 been proposed that defense response proteins may play a developmental role in the ripening process [22, 7 56-57] . In the present study, we found that a second major functional group of differentially expressed 8 proteins consisted of proteins involved in defense response (Figures 6A and 6B) including proteins with 9 chaperone function, such as HSP70, actin, metallothionine, and ethylene-related regulated enzyme (ACC 10 oxidase). All the defense response proteins were up-regulated in kiwifruit treated with ethylene compared 11 with non-treated fruit (control) (Figures 6A and 6B) . The increased abundance of heat shock proteins and 12 metallothioneins is well known to be associated with the detoxification of ROS, and HSP enzymes are also 13 known to be involved in interaction and folding of protein kinase [20, 25] 
Proteins Related to Protein Biosynthesis/Translation 19
Proteins belonging to the category protein biosynthesis/translation, such as elongation factor 20 (protein spot no. 1 and 3) and ribosomal proteins (30S and 50S) (Tables 1 and 2) were the third major 21 group of differentially expressed proteins identified in the present study. In contrast to previous proteomic 22 studies on fruits [7-8, 17, 25, 28, 29-31, 58 ], the present study identified a large number of proteins related 23 to biosynthesis and translation, the latter of which have also been reported in studies on pineapple [59] and 24 tomato [60] . It is well known that proteins related to biosynthesis and translation play an important role in 25 the physiology of plants in response to unfavorable conditions [38, 40] . The identification of these proteins 26 in kiwifruit cultivars suggests their role in softening in response to exposure to exogenous ethylene. 27
Proteins Related to the Calvin Cycle/Photosynthesis 28
Proteins such as RuBisCO, PSI, PSII, and cytochrome are key components of the Calvin 29 cycle/photosynthesis (Tables 1 and 2) . It is well known that green fruits contain photosynthetically active 30 chloroplasts that contribute to energy metabolism [61] . The expression of photosynthetic proteins such as 31 chloroplast oxygen-evolving enhancer protein during the ripening process has been reported in several 32 fruits, including tomato [23], apricot 17], grapes [62] [63] , and date palm fruits [64] . The identification of 33 photosynthetic proteins in the present study indicates the involvement of ethylene in the Calvin 1 cycle/photosynthesis of kiwifruit cultivars. 2
Regulatory Protein-Protein Interaction Networks 3
The protein-protein interaction network generated using STRING 9.0 revealed functional links 4 between different proteins identified in kiwifruit cultivars ('Hayward' and 'Gamrok') exposed to ethylene 5 (Figure 7) . The major clusters of interacting proteins are highlighted in circles and contain proteins that are 6 associated with defense response, and the Calvin cycle/photosynthesis. With the exception of a few 7 interactions observed for 'Gamrok', proteins in the major identified category (allergen/fruit ripening) did 8 not show interactions with other proteins. The failure to detect fruit ripening protein interactions can be 9 attributed to the fact that there is currently no database for fruit proteins related specifically to ripening. 10
Bioinformatic approaches using STRING [65] enable characterization of protein-protein 11
interaction with main clusters related to defense response (the second most commonly classified proteins 12 in kiwifruits) and the Calvin cycle/photosynthesis (the third most commonly classified proteins) ( Figure  13 7). The protein-protein interaction data thus strongly suggest that these proteins are synthesized abundantly 14 during fruit ripening in response to exogenous ethylene. 15
Confirmation of Differentially Expressed Proteins at Gene Level 16
While many of the differentially abundant proteins found in the present study have earlier been 17 shown in defense responsive proteome [9-10, 35], majority were found to be associated with fruit ripening 18 in our study. Thus, two proteins related to fruit ripening viz., ACC synthase, and ACC oxidase (please see 19 Table 1 and 2) were selected for gene expression level to validate proteomic data (Figure 8) . Previous 20 study on kiwifruit ripening showed that the ethylene biosynthetic genes ACS1, and ACO1, which encodes 21 ACC synthase and ACC oxidase respectively are closely related with climacteric ethylene production [66] . 22
In our study, relative expression showed ACS1 (ACC synthase), and ACO3 (ACC oxidase) were at least 23 two-fold higher in 3-day ethylene treated kiwifruits whereas, the fold change increased at 6-day compared 24 to 0 day (control). As expected, gene expression levels showed a correlation with MS-based quantification 25 supporting the reliability of proteomic approaches. Moreover, the gene expression levels of ACS1, and 26 ACO3 also confirmed that ethylene induced fruit ripening process. 27
Conclusion 28
In summary, we observed that exogenous ethylene elicited kiwifruit ripening and we also provide 29 quantitative data on the associated changes in protein expression. Moreover, the quantitative proteomic data 30 provides a novel insight into the mechanisms of fruit ripening involving a wide range of pathways, such as 31 our identification of proteins related to allergens/fruit ripening, defense response, the Calvin 32 cycle/photosynthesis, and biosynthesis/translation. Furthermore, we also anticipate that the two kiwifruitcultivars ('Hayward' and 'Gamrok') analyzed in the present study will provide a large set of proteome data 1 to further study of the protein-protein interactions related to fruit ripening, although in the present study, 2 we could only obtain a rudimentary insight into protein-protein interactions related to either defense or 3 photosynthesis. Additionally, the identification and classification of the major proteins kiwellin and 4 actinidin (which represented 50% of the differentially expressed proteins in Hayward and 60% in Gamrok) 5 indicates the differences between late (Hayward) and early (Gamrok) kiwifruit cultivars and suggests that 6 exogenous ethylene application induces greater softening in 'Gamrok' cultivar that in 'Hayward'. The 7 overall data could also be applied in the selection of specific cultivars for growth in particular seasons. 8
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